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Summary
Objective: Chondrocyte-seeded agarose constructs of 4 mm diameter (2.34 mm thickness) develop spatially inhomogeneous material prop-
erties with stiffer outer edges and a softer central core suggesting nutrient diffusion limitations to the central construct region [Guilak F, Sah RL,
Setton LA. Physical regulation of cartilage metabolism. In: Mow VC, Hayes WC, Eds. Basic Orthopaedic Biomechanics, Philadelphia
1997;179e207.]. The effects of reducing construct thickness and creating channels running through the depth of the thick constructs were
examined.
Methods: In Study 1, the properties of engineered cartilage of 0.78 mm (thin) or 2.34 mm (thick) thickness were compared. In Study 2, a single
nutrient channel (1 mm diameter) was created in the middle of each thick construct. In Study 3, the effects of channels on larger 10 mm
diameter, thick constructs were examined.
Results: Thin constructs developed superior mechanical and biochemical properties than thick constructs. The channeled constructs devel-
oped signiﬁcantly higher mechanical properties vs control channel-free constructs while exhibiting similar glycosaminoglycan (GAG) and
collagen content. Collagen staining suggested that channels resulted in a more uniform ﬁbrillar network. Improvements in constructs of
10 mm diameter were similarly observed.
Conclusions: This study demonstrated that more homogeneous tissue-engineered cartilage constructs with improved mechanical properties
can be achieved by reducing their thickness or incorporating macroscopic nutrient channels. Our data further suggests that these macroscopic
channels remain open long enough to promote this enhanced tissue development while exhibiting the potential to reﬁll with cell elaborated
matrix with additional culture time. Together with reports that <3 mm defects in cartilage heal in vivo and that irregular holes are associated
with clinically used osteochondral graft procedures, we anticipate that a strategy of incorporating macroscopic channels may aid the
development of clinically relevant engineered cartilage with functional properties.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Key words: Carilage, Tissue engineering, Nutrient diffusion.Introduction
Articular cartilage functions as a highly wear-resistant and
low-friction weight bearing cushion in the diarthrodial
joint1,2. Its poor healing capacity has motivated extensive
research efforts aimed at developing functional tissue-
engineered cartilage. It is well recognized that it is harder
to supply nutrients to a larger sized tissue construct than
a smaller one. From Fick’s law, the diffusion time of a solute
is proportional to the square of the distance it needs to
travel (Distance2fDiffusivity Time)3, and this time is ef-
fectively increased by cell nutrient consumption along the
diffusion path. Cartilage resides in a hypoxic environment,
relying on nutrients via convective diffusion from joint load-
ing-induced tissue deformation, thereby permitting diffusion*Address correspondence and reprint requests to: C. T. Hung,
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677distances in this avascular connective tissue to span
several millimeters5,6. While our laboratory has extensive
experience with the application of physiologic deformational
loading bioreactors for cultivating engineered cartilage, the
current study was designed to explore strategies that opti-
mize passive diffusion transport in developing engineered
cartilage in vitro.
Agarose has been used extensively in cartilage biology
because of its ability to promote and maintain the chondro-
cyte phenotype7e10. It is being currently evaluated in human
clinical trials as a scaffold component of a next generation
autologous chondrocyte implantation strategy11,12, showing
promise for agarose-based engineered tissues for in vivo
repair of cartilage. We have found that 2% agarose (Type
VII, Sigma) permits robust cartilaginous tissue growth in
culture and engineered cartilage with Young’s moduli (EY)
and glycosaminoglycan (GAG) levels similar to native tissue
in 8 weeks16. While higher agarose concentrations yield
initially stiffer tissue constructs, presumably due to their
more efﬁcient retention of matrix products, the long-term
tissue properties become signiﬁcantly inferior to those
678 L. Bian et al.: Inﬂuence of decreasing nutrient path lengthwith 2% agarose17,18. This ﬁnding results likely from nutrient
insufﬁciency caused by this early rapid matrix elaboration.
Despite our encouraging results with 2% agarose, closer
examination reveals that the construct properties are
spatially inhomogeneous, with typically softer central regions
and stiffer peripheral surface regions19. Thus while the
hydraulic permeability and porosity of 2% agarose appear
optimal for tissue growth at early times, tissue elaboration
eventually hinders nutrient transport by producing a dense
barrier to transport20. Diffusion channels have been used
in tissue engineering of bone21 and cardiac tissue22 and their
positive effects have been well documented23. Studies have
also demonstrated potential applications of microchannels in
hydrogel-based cartilage tissue engineering24e26. In this
study, we hypothesize that stiffer engineered cartilage con-
structs can be achieved by fostering development of tissues
that possess central regions with properties more similar to
the outer regions. To test our hypothesis, we examined
the effects of (1) decreasing the initial thickness of the engi-
neered constructs or (2) creating nutrient channels in the
constructs, thereby shortening the effective diffusion dis-
tance for tissue development. The results are presented in
a series of three studies examining matrix content and
mechanical properties. In Study 1, constructs of two different
thicknesses (thick vs thin) were compared; in Study 2 the
efﬁcacy of nutrient channels in thick constructs was investi-
gated; in Study 3 the number of the channels was increased
to study the effects of channels in larger diameter, thick
constructs.Material and methodsSAMPLE PREPARATION AND TISSUE CULTUREChondrocyte-seeded agarose hydrogel disks were prepared as previously
describedusingprimary immature bovinechondrocytes (wrist joint) isolated via
enzymatic digestion14. Cells were encapsulated in 2% (w/v) low melting tem-
perature agarose (Type VII, Sigma) in phosphate buffered saline at
30 106 cells/ml for Study 1 and 60 106 cells/ml for Study 2 and Study 3.
In Study 1, the gel-cell mixture was cast into slabs of two different thicknesses:
0.78 (thin) and 2.34 mm (thick). Disks (B4.00 mm) were cored from the slabs
and cultured in deﬁned serum-free chondrogenic medium (Dulbecco’s Modi-
ﬁedEagle’sMedium, 1% insulin transferrin seleniumþPremix, 50 mg/ml L-pro-
line, 0.1 mM dexamethasone, 0.9 mM sodium pyruvate, antibiotics)27,
supplemented with ascorbate (50 mg/ml). Recombinant human Transforming
Growth Factor-b3 (10 ng/ml) (R&D Systems) was administered the ﬁrst 2
weeks of culture. Media were changed three times a week. In Study 2,
aB1 mmchannelwascreated in themiddle of theagarosedisk (2.34 mm thick,
B4.00 mm) using a biopsy punch [Fig. 1(A)] immediately after construct fabri-
cation (day 0). Disks without a channel served as controls. For Study 3,
B10 mm disks were punched and three B1 mm channels were sub-cored in
a centered equilateral triangular pattern, with a mutual separation of 4.3 mm.MECHANICAL TESTINGThe spatially averaged mechanical properties of construct disks were
evaluated at selected time points using a custom table top testing device14.
The EY was determined under unconﬁned compression at 10% strain, fol-
lowed by tests for dynamic moduli (G*) at 0.1, 0.5, and 1 Hz and 1% strain
amplitude. The actual area of the channels was deducted from the total
cross-sectional area of the constructs for the stress calculations. The relative
error introduced by any overestimation of the actual channel size, propor-
tional to the ratio of the area of a 1 mm hole over a 4 mm disk, was expected
to be no greater thanw6%. Following average property measurements, con-
structs were halved and tested for local axial mechanical properties under
unconﬁned compression on a custom microscope testing device and using
optimized digital image correlation as previously described28,29 [Fig. 1(B)].MATRIX MOLECULE CONTENT ANALYSISOne-half of each construct was weighed wet, lyophilized, reweighed dry,
and digested in 0.5 mg/ml Proteinase-K (Fisher Scientiﬁc) at 56C for 16 h.
The PicoGreen assay (Invitrogen) was used to quantify the DNA contentof the constructs with Lambda phage DNA (0e1 mg/ml) as a standard30.
The GAG content was measured using dimethylmethylene blue (DMMB,
Sigma) dye-binding assay with shark chondroitin sulfate (0e50 mg/ml) as
a standard31. The overall collagen content was assessed by measuring
the orthohydroxyproline (OHP) content via dimethylaminobenzaldehyde
and chloramine T assay. Collagen content was calculated by assuming
a 1:7.5 OHP-to-collagen mass ratio32. The collagen and GAG contents
were normalized to the disk wet weight.HISTOLOGICAL ANALYSISThe other halves of the constructs were ﬁxed in a ﬁxative solution (5%
acetic acid, 3.7% formaldehyde, 70% ethanol) for 24 h and stored in 70%
ethanol solution. After serial dehydration in ethanol, the constructs were em-
bedded in parafﬁn, sectioned to 8 mm, and mounted onto microscope slides.
The samples were then de-waxed, rehydrated, and stained with Safranin-O
(Sigma) and Picrosirius red (Sigma) dyes to determine the distribution of
GAG and collagen, respectively.FINITE ELEMENT MODELING (FEM)Osmotic swelling of the tissue-engineered constructs was modeled using
a custom ﬁnite element program33. The objective was to identify conditions
that could replicate experimental ﬁndings of central cracking in one of the
tested groups. The cylindrical engineered construct was divided into two con-
centric regions; an inner core and outer peripheral region, with respective
sizes determined from polarized light images of construct histological slices.
This assumption was based on the fact that increasing birefringence was
observed in the constructs with increasing culture time and the pattern of
the histological staining roughly correlates with the pattern of the polarized
light microscopy. A hexahedral mesh was created for one-eighth of the
tissue-engineered construct with boundary conditions prescribed based on
symmetry. Several combinations of material properties were explored,
consistent with experimental measurements, which might explain the crack
formation. In the ﬁnal analysis the tensile moduli of the respective regions
were assigned values consistent with the intensity and distribution of Picro-
sirius red staining of collagen across the constructs, suitably scaled using an
upper limit from experimental values obtained in our previous study34,35. A
tensile stiffness of 2.5 MPa and 120 kPa were thus assigned to the periphery
and core of the mesh, respectively. GAG content was estimated to be 8% of
the wet weight in the core and 10% in the periphery of the constructs based
on the results of the GAG quantiﬁcation assay. Assuming two negative
charges per chondroitin sulfate isomer and a molecular weight of 513 g/
mol, a ﬁxed charge density (cF) was calculated from the GAG content to
be 458 mEq/L (10% GAG) and 367 mEq/L (8% GAG)33. The water content
was estimated to be 85% of wet weight based on the difference between
the dry weight and wet weight of the constructs. The material properties
used in FEM are summarized in Table I.STATISTICAL ANALYSISStatistica (Statsoft) was used to perform statistical analyses using two-
way analysis of variance (ANOVA) and the Tukey honestly signiﬁcant differ-
ences Post Hoc test of the means (n¼ 4e6 samples per group) with culture
duration and experimental groups as independent factors.Results
In Study 1, EY of the thin constructs were two-fold greater
than that of the thick constructs, reaching values of
246 21 and 592 111 kPa on days 32 and 48, respectively
[P< 0.005, Fig. 2(A, B)]. G* (frequency¼ 0.5 Hz) of the thin
constructs were 3.5 0.3 MPa on day 48, twice as much
as that of the thick constructs (1.8 0.1 MPa) at the same
time points. The thin constructs also developed signiﬁcantly
higher GAG and collagen content than the thick constructs
after day 14 [P< 0.005 Fig. 2(C, D)]. On day 48,theGAGcon-
tent of the thin constructs reached 8.4 0.49% wet weight
(%ww) compared to thick constructs 4.8 0.23 %ww. The
collagen content of the thin constructs was signiﬁcantly
higher than that of the thick constructs on both day 32
(1.71 0.31 %ww vs 1.00 0.10 %ww, P< 0.005) and day
48 (2.73 0.43 %ww vs 2.36 0.19 %ww, P< 0.05). Note
that the difference in collagen content between the two
groups on day 48 was less than that on day 32. The thin
Fig. 1. Study 2: (A) experimental groups, (B) digital image correlation (DIC) performed on compressed constructs. Arrow: compression direction.
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compared to the thick constructs after day 16. Increased
GAG content in the thin constructs could be attributed to
both increased cell proliferation and elevated GAG produc-
tion of individual cells (data not shown).
Spatial EY proﬁles across the longitudinal depth of the cy-
lindrical disks varied among the groups. The thin constructs
had a signiﬁcantly softer layer on the surface taking up
a large part of the applied compressive strain and a uni-
formly stiff center with minimal strain [Fig. 3(B, E)]. In con-
trast, thick constructs developed signiﬁcantly stiffer edges
and a softer central core as indicated by the U-shaped
strain proﬁle across the construct depth [Fig. 3(A, D)],
a trend reported previously19. Top and cross-sectional
views of the constructs showed that the thick constructs
were more opaque at the peripheral regions than in the
center whereas the thin constructs appeared homogeneous
in translucency (Fig. 4). Immunohistochemistry indicated
that the cells produced predominantly Type II collagen
with minimal Type I collagen (data not shown).
The process of punching channels did not affect cell via-
bility at the cutting surface or other areas of the constructs
(data not shown). For Study 2, the moduli of the constructs
with a channel were signiﬁcantly higher than controls from
day 28 onward (Fig. 5). Furthermore, the moduli of the con-
trol disks (without a channel) started to plateau after day 28
and stagnated afterward until day 56, reaching values of
EY¼ 600 kPa and G*¼ 2.7 MPa, respectively, whereas
those of the disks with a channel continued to increase until
day 42 and plateaued at a higher level of EY¼ 1000 kPa
and G*¼ 3.6 MPa [Fig. 5(A, B)]. The channel constructs
also possessed more uniform local stiffness along the axial
direction, whereas constructs without channels developed
signiﬁcantly stiffer edges and a softer central core as indi-
cated by the U-shaped strain proﬁle across the depth of
the constructs [Fig. 3(C, F)]. However, overall GAG and
collagen content of the two groups were not statistically dif-
ferent [Fig. 5(C, D)].
The channels were gradually ﬁlled in with translucent ma-
terial and inﬁltrated by cells [Fig. 6(AeC, F)]. Picrosirius red
staining revealed that the control constructs exhibited
a mesh-like extracellular matrix structure in the peripheralTable I
Material properties used in FE modeling
Model parameters Core Periphery
GAG/ww (%) 8 10
Charge density (mEq/L) 367 458
Tensile modulus (MPa) 0.12 2.5
Water content (%) 85 85regions, not apparent in the center. In contrast, the chan-
neled disks exhibited more uniform staining throughout their
cross-section [Fig. 7(AeC)]. This disparity in structural
organization between the construct types is even more pro-
nounced in polarized microscopy images of these same tis-
sue sections [Fig. 7(D, E)]. Histology also showed more
intense Safranin-O staining in the periphery of the control
constructs than in the center [Fig. 7(GeI)].
A large crack parallel to the axial disk faces was observed
in the center of the control constructs on day 56 [Fig. 6(D,
E)], likely resulting from the osmotic swelling due to GAG
as well as low tensile stiffness in the center of the control
constructs due to the absence of an organized collagen net-
work (as seen in the periphery), as deduced from the ﬁnite
element analysis. On day 56 the constructs exhibited swell-
ing to w70% of initial volume. The FEM results predicted
a similar amount of volume expansion for the model vari-
ables chosen. The volume of the elements expanded by
about 90% in the center of the constructs and by about
50% in the periphery region due to osmotic swelling
[Fig. 8(A)]. The Lagrangian strain in the axial direction of
the constructs was also signiﬁcantly higher in the core re-
gion of the constructs, reaching a value of 0.55 whereas it
remained below 0.15 in the periphery [Fig. 8(B)]. Though
the ﬁnite element analysis did not explicitly model crack
formation, the larger strains observed at the center are con-
sistent with the experimental observation of cracking.
For Study 3, large constructs of 10 mm diameter with
channels developed signiﬁcantly higher mechanical stiff-
ness as compared to the control constructs without
channels [Fig. 9(A)]. However, in analogy to observations
in B4 mm constructs, the GAG content is similar between
the two groups [Fig. 9(B)]. The B10 mm control con-
structs exhibited lower mechanical stiffness and GAG
content as compared to the B4 mm control constructs
[Fig. 9(A, B)].Discussion
Various strategies to produce engineered cartilage con-
structs with more axially homogeneous tissue properties
were explored, including altering the construct dimensions
(Study 1) and improving transport of nutrients and waste
products via channels (Study 2 and Study 3). Insights
gained from these fundamental studies provide rational ap-
proaches for successfully scaling up tissue engineering
techniques from smaller to larger tissue constructs (Study
3). As anticipated, the results of Study 1 show that reducing
the thickness of agarose constructs by one-third promotes
more uniform material properties through the construct
depth, as a result of the reduced transport path length
Fig. 2. Study 1: (A) equilibrium modulus and (B) dynamic modulus (0.1 Hz) of thick and thin construct groups. (C) GAG content of the
constructs (normalized to wet weight). (D) Collagen content of the constructs (normalized to wet weight). *P< 0.005 vs thick group.
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observed in the thin constructs is unclear, and may be
related to diffusive loss of GAG from the periphery. Interest-
ingly, Klein and co-workers have observed similar strain
proﬁles for 1 mm thick scaffold-free cartilage constructs
for both zonally layered or mixed chondrocyte popula-
tions38. Together with our ﬁndings, it appears that thereFig. 3. Study 1: displacement and strain (normalized by minima) proﬁles
Channel group (C) in Study 2 across the depth (normalized by the full disk
ulus of the thick (D) and thin (E) construct groups in Study 1 and Chann
depth of the disks. *P< 0.05 vs the central region (2e4)may be a critical length >0.78 mm where diffusion limita-
tions will lead to inhomogeneous cartilaginous tissue devel-
opment under free-swelling culture conditions.
While Study 1 showed that thin constructs developed
superior material properties, there remains a clinical need
for thicker tissue constructs (e.g., w5 mm for the human
patella or tibial plateau39e41). In Study 2 a single nutrientof the thick (A) and thin (B) construct groups in Study 1 and for the
thickness) of the disks on day 48. Averaged local equilibrium mod-
el group (F) in Study 2 for ﬁve layers of equal thickness across the
; yP< 0.001 vs the peripheral axial surfaces (1, 5).
Fig. 4. Study 1: top view and cross-sectional view of the thick and thin constructs on day 48.
681Osteoarthritis and Cartilage Vol. 17, No. 5channel and in Study 3 a parallel array of B1 mm channels
were studied for their inﬂuence on tissue elaboration in
B4 mm and B10 mm constructs, respectively. Single
B1 mm channels were chosen for Study 2 based on prelim-
inary work (not shown) that examined the efﬁcacy of nutri-
ent channels with diameters ranging from 0.8 to 1.5 mm
on construct tissue elaboration. It was found that channels
with a diameter <1 mm became occluded within 1 week
of culture;B1.5 mm channels remained completely open af-
ter 28 days; and B1 mm channels gradually shrank in size
and were partially sealed up by day 28. Channels intro-
duced at a late stage of culture, when the cells had already
produced signiﬁcant extracellular matrix, rather than imme-
diately after construct fabrication on day 0, did not inﬂuence
construct properties 14 days later.
For the application of channels to be efﬁcacious, the chan-
nelsmust remain open long enough to play a role in providing
greater nutrient access to chondrocytes when signiﬁcant tis-
suematrix elaboration has occurred (and where a plateauing
of tissue properties is often noted). While microchannels
(0.1 mm diameter in alginate, Choi and co-workers) can
modulate diffusion of solutes in constructs at early culture
times24, our ﬁndings would suggest that channel sealing
would occur, limiting the beneﬁts of these microchannels to
short-term culture prior to signiﬁcant matrix elaboration.Fig. 5. Study 2: (A) equilibrium modulus of Control and Channel constru
(1 Hz). (C) GAG content of the constructs. (D) Collagen content of the coIn Study 2, constructs (2.34 mm thick) were seeded with
60 million cells/ml, which is twice that of Study 1. This cul-
ture condition is expected to increase the effect of nutrient
limitations to tissue development, with increases in con-
struct dimension and nutrient consumption42. Our previous
study found that at this high-seeding density the mechanical
stiffness of the agarose constructs quickly increased and
plateaued43. The introduction of nutrient channels in the
current study not only elevated construct stiffness but also
delayed the plateauing of the mechanical properties of the
constructs (Fig. 5), probably due to the improved nutrient
delivery to the center of the constructs. The average content
of GAG and collagen, the two major matrix constituents of
articular cartilage, was similar for constructs with and with-
out a central channel. However, there was a striking differ-
ence in the structural organization of the ﬁbrillar network
between the construct types (Fig. 7). As a result of the intro-
duced channels, the provision of nutrients through the
construct periphery and center increased the surface area
for diffusion by only 10.5% but decreased the path for radial
diffusion by 50%; this led to a more uniform ﬁbrillar network
of extracellular matrix, which was in contrast to the pres-
ence of an organized network of ﬁbers only in the outer
peripheral regions as well as occasional cracking of the
control constructs.ct groups. (B) Dynamic modulus of thick and thin construct groups
nstructs. *P< 0.0005 vs Control group, yP< 0.05 vs Control group.
Fig. 6. Study 2: pictures of the channel disk taken on days 0, 28, and 56 (AeC). Axial cross-sectional view of the control disk on day 56 (E).
Hoechst staining of transverse slice of the channeled disk (D) and axial slice of a control disk (F) on day 56. Arrow: crack observed in control
disks on day 56.
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(Fig. 6) likely resulted from osmotic swelling due to GAG
as well as low tensile stiffness in the center of the control
constructs due to absence of organized collagen network
as compared to the periphery (Fig. 7). This crack is not typ-
ically found in low seeding density (30 million cells/ml) con-
structs. Its occurrence in the high-seeding density
constructs is reﬂective of the higher GAG content achieved
with the higher seeding density [compare thick samples in
Fig. 2(C) to control samples in Fig. 5(C)]. The ﬁnite element
model provides insights to the structureefunction relation-
ships developed in the engineered cartilage tissue. In the
engineered cartilage, GAG levels [Fig. 5(C)] were similar
to, or even higher than native levels (w6 %ww), producing
signiﬁcant osmotic pressures (estimated at w0.12 MPa
when using ideal Donnan law) and swelling. Whereas swell-
ing is resisted by the collagen matrix in native tissue, the
constructs’ collagen levels [Fig. 5(D)] were only a fraction
of the native values (w20 %ww), and mostly deﬁcient at
the center of the construct [Fig. 7(F)]. The model of a con-
struct deﬁcient in collagen at its center predicted a swelling
strain there that was four times greater than in the periph-
eral region. As the yield strain for 2% w/v Type VII agarose
is w0.2, these results suggest that exceedingly high swell-
ing-strains in the central region of the constructs may give
rise to construct cracking. Therefore, the elevated GAG
content and non-uniform distribution of collagen created
conditions that supported internal cracking. As strategies
evolve for increasing collagen content in constructs and
promoting development of more uniform tissue properties,
as shown in the channeled constructs, cracking can be
avoided. Indeed, this study shows that channels created
on day 0 clearly demonstrate many advantages, such as
improved material properties and more homogeneous com-
position, and no apparent adverse effects.
The characteristic solute diffusion time t in a disk whose
lateral and top axial surfaces are exposed to the culture me-
dium depends on the radius a and thickness h of the disk.
According to Fickian diffusion, this characteristic time con-
stant varies according to tfD1[(p/2h)2þ(g0/a)2]1, where
D is the solute diffusion coefﬁcient in the tissue and g0 is theﬁrst root of the Bessel function of the ﬁrst kind, of order zero
(g0 2.4)47. Based on this relation it can be deduced that
the characteristic solute diffusion time tB4 in the B4 mm
disks (a¼ 2 mm, h¼ 2.34 mm) is w3 times shorter than
tB10 in the B10 mm disks (a¼ 5 mm, h¼ 2.34 mm). Taking
into account nutrient consumption and/or binding by cells
(reactionediffusion effects), it is therefore not surprising
that in Study 3 there was a negative effect associated
with the larger radial dimension on the development of tis-
sue properties (despite scaling up the cell-to-medium vol-
ume proportionately). With the diameter of the constructs
2.5-fold greater than those of Study 2, the compressive
moduli werew25% lower and the GAG content of the larger
constructs was also signiﬁcantly lower (Figs. 5, 9). This
lower GAG content, which resulted in lower swelling pres-
sure, may explain why the crack seen in Study 2 was not
observed in 10 mm control constructs in Study 3. With the
incorporation of an array of channels, however, the tissue
properties were restored, consistent with the resulting re-
duction in the characteristic solute diffusion time constant.
We believe that nutrient limitations are a signiﬁcant im-
pediment to cultivation of engineered cartilage with native
functional properties. While applied mechanical loading
has been shown by our group and by other researchers
to promote solute transport into cartilage and engineered
constructs44,45, we have found that with an optimized me-
dium recipe that loading has showed less beneﬁcial
effects (only about 15e20% stiffer than the free swelling
grouping our most recent media optimization16). Further-
more, the enhancement of nutrient transport into engi-
neered constructs with dynamic loading will be less
signiﬁcant in constructs of larger dimension (such as tar-
geted for repair of an entire articular surface) or with more
elaborated matrix, which can hinder the transport of the nu-
trients. While mechanical loading continues to be attractive
in promoting the growth of engineered cartilage (via a bio-
physical stimulus and enhanced transport), supplementing
loading with nutrient channels may generate synergistic
effects.
While the introduction of channels or ‘‘holes’’ in the engi-
neered cartilage may raise some concerns, we anticipate
Fig. 7. Study 2: Picrosirius red staining of the channeled disk (A, B) and control disk (C) on day 42. (D)e(F) are the polarized light pictures of
the same samples shown in (A)e(C) in order. (B) and (E) are transverse slices, the rest are all axial slices. Safranin-O staining of the control
constructs (G) on day 42 and local staining intensity at the center (H) and periphery (I) of the constructs. %, central channel; #, central interior
region of the control disk.
683Osteoarthritis and Cartilage Vol. 17, No. 5these channels to completely seal themselves with addi-
tional culturing as the channels are beginning to be ﬁlled
in with tissue by culture day 56. If constructs with unsealed
channels were to be implanted, we may also expect theyFig. 8. (A) Volume expansion and (B) the Lagrangian strain in the axial dire
2. From symmetry considerations, only onewould seal in vivo, as observations in the literature indicate
that cartilage defects of <3 mm diameter heal spontane-
ously46. In addition, clinically accepted cartilage repair strat-
egies that use single or multiple osteochondral grafts alsoction (z axis), for model representative of tissue constructs in Study
-eighth of the construct was modeled.
Fig. 9. Study 3: (A) equilibrium modulus of Control and Channel group. (B) GAG content of the constructs. *P< 0.005 vs 10 mm Control group.
684 L. Bian et al.: Inﬂuence of decreasing nutrient path lengthintroduce irregular holes to the articular surface. For these
reasons, we are encouraged by the incorporation of large
diameter channels as a strategy to develop clinically rele-
vant engineered cartilage tissue. Ultimately, it remains to
be seen with in vivo studies how such channels are
tolerated.
Previously we have found that mature bovine chondro-
cytes produce much less matrix components as compared
to juvenile bovine chondrocytes cultured under similar con-
ditions. Through optimized expansion protocols, however,
mature chondrocytes can be primed to produce more matrix
molecules48 and engineered cartilage constructs with com-
pressive stiffness of about 200 kPa are possible with adult
chondrocytes49.Conclusion
This study demonstrated that more homogeneous tissue-
engineered cartilage constructs with improved mechanical
properties can be achieved by reducing their thickness or
incorporating macroscopic nutrient channels. An array
of channels as proposed above may permit cultivation of
single constructs having appropriate thickness, with the
channels eventually ﬁlling naturally. The application of phys-
iologic deformational loading with concomitant convective
transport would be expected to further enhance the passive
strategies to increase nutrient diffusion described in this
investigation.Conﬂict of interest
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